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A B S T R A C T

Coughing is a primary symptomatic pathway of respiratory or air-borne disease transmission, including COVID-
19. Several parameters such as cougher’s age, gender, and posture affect particle dispersion indoors. This
study numerically investigates the transient cough evolution, contamination range, particle reach probability,
and deposition fraction for different age groups of males and females in standing and sitting postures in a
ventilated room. The efficacy of a cloth mask has also been studied with and without the influence of air
ventilation. Validated Computational Fluid Dynamics methodology has been implemented to model complex
physics such as turbulent buoyant cloud, particle–air interaction, particle collision/breakup, and droplet
evaporation. Our results show that overall, the contamination range is slightly lower for females due to lower
cough velocities and particle counts. Moreover, a significant fraction of particles crosses the two meters social
distancing guideline threshold with an unhindered cough. Besides, wearing a cloth mask reduces the average
contamination range by approximately two-third of the distance compared to coughing without the mask.
However, aerosolized particles reach longer streamwise distances and drift for extended durations beyond thirty
seconds. This study can be used to improve the heating, ventilation, and air conditioning recommendations
and distancing guidelines in indoor settings.
1. Introduction

The recent outbreak of COVID-19 has resulted in a catastrophic
impact on the human condition. The respiratory illness has not only
resulted in infecting over 140 million people to date, but it has also
adversely affected the global economy by limiting the mobility of over
50% of humankind [1]. Due to several factors such as the lesser un-
derstood mutability of the virus, the contagious asymptomatic period,
and its human-to-human transmission mechanisms, it is imminent to
investigate the factors that govern the spread of the virus exhaustively.
Several pathways have been identified for the spread of COVID-19,
amongst which the airborne transmission was found, in particular, to be
virulent, even more so than transmission due to contaminated surfaces
and animal-to-human contact [2,3]. According to several recent stud-
ies [4–8], poor ventilation standards were found to be a critical factor
in outbreaks of the virus in indoor spaces. Thus to characterize the
contaminant spread in the indoor spaces, it is essential to understand

∗ Corresponding author.
E-mail address: jayaveera@AggieNetwork.com (J. Muthusamy).

the mechanisms by which the infectious particles can spread from the
source to the surroundings [9]. This will lead to a better understanding
of the transmission mechanisms and help policymakers and government
officials make informed decisions about social distancing.

Coughing has been demonstrated to cause a significant efflux of
pathogens from the infected transmitter [10–13]. A single cough can
contain over 75,000 particles only in aerosols (<10 [μm]) [14]. Numer-
ical modeling, and experimental fluid pattern studies have been used
to gain more insights into the coughing dynamics to study the spread
of viral outbreaks (Severe Acute Respiratory Syndrome, Middle Eastern
Respiratory Syndrome) and to understand the virus’ transmission [15–
18]. The literature clearly shows that human cough is one of the main
sources of spreading virus-borne nuclei from a symptomatic source.
The violent expiratory event in the form of a cough results in the
emission of droplet sizes ranging between 5 [μm]–1000 [μm], following
roughly a log-normal distribution [12]. Furthermore, the velocity field
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Nomenclature

�̇�𝑝 Mass transfer rate of the particle [kg/s]
�̇�𝑝𝑖 Mass transfer rate of an individual compo-

nent, 𝑖 [kg/s]
ℏ Heat transfer coefficient [W/(m2 K)]
Re𝑝 Reynolds number of the particle [-]
𝐟𝑑 Drag force [N]
𝐟𝑑 Gravitational force [N]
𝐟𝑑 Pressure force [N]
𝐠 Gravitational acceleration [m/s2]
𝐴 Surface area of particle [m2]
𝐵 Spalding transfer number [-]
𝐶𝑑 Drag coefficient [-]
𝑑𝑖 Distance traveled by the particle from the

mouth [m]
𝑔∗ Mass transfer conductance [kg/(m2 s)]
ℎ Enthalpy [J/kg]
𝑘 Thermal Conductivity [W/(m K)]
𝑚𝑝 Mass of particle [kg]
𝑁𝑖 Cumulative number of particles deposited

[-]
𝑛𝑝 Number of particles in a cell of continuous

phase [-]
𝑁𝑡 Total number of particles deposited [-]
𝑝 Pressure [N/m2]
𝑆𝑐 Two-way coupling source term in the

momentum equation [N/m3]
𝑆𝑡 Two-way coupling source term in the

energy equation [W/m3]
𝑇 Temperature [◦C]
𝑈 Velocity of the fluid [m/s]
𝑣𝑝 Particle velocity [m/s]

Greek Symbols

𝛥𝑡 Time step size [s]
𝛿𝑡𝑝 Dirac delta function [-]
𝜀𝑖 Fractional mass transfer rate of each com-

ponent [-]
𝜌 Density of fluid [kg/m3]

of these particles also follows a distribution with a peak value of up
to 11 [m/s] [19]. This implies that it is important to characterize the
cough dynamics rigorously in order to develop accurate models that
can capture the droplet dispersion. A vast literature of experimental
and numerical studies exists on characterizing the human cough [20–
23]. In an experimental and computational study by Zhang et al. [24],
a thorough characterization of the cough dynamics was undertaken
where an experimental simulator was designed to replicate the actual
behavior of the mucus spray. The dispersion of the atomized droplets
was numerically evaluated using Lagrangian mechanics in a flow field
pre-determined by simulations. Recently, Bi [25] studied the dispersion
of the human cough jet development using the Lagrangian–Eulerian
method in a quiescent environment. The study also investigated the
droplet dynamics using the Discrete Particle Modeling (DPM) approach.
The droplet size distribution was found to have a key role in airborne
and droplet transmission. Diameters less than 10 [μm] were observed
to be suspended rather easily in the ambient air resulting in airborne
transmission. The ambient Relative Humidity (RH) and inlet cough
velocity were also observed to impact the penetration distance of the
2

droplet and thus affecting the transmission process. Similar conclusions
were drawn in other studies, which investigated the effects of ventila-
tion on the indoor spread of COVID-19. Bhagat et al. [26] examined the
role of ventilation on COVID-19 spread through theoretical and practi-
cal fluid mechanics considerations. Their analysis concluded that while
ventilation has its trade-off in terms of balancing energy efficiency and
minimizing the exposure risk to contaminants, it does play a critical
role in the spread of COVID-19. They also concluded that displacement
ventilation effectively reduces exposure risk since it encourages vertical
stratification and is designed to remove the polluted warm air near the
ceiling.

Numerical investigation of the bio-contaminant spread and risk
of infection due to coughing in different indoor environments has
been a subject of several studies in the literature. In a study, Zhang
et al. [27] numerically investigated the droplet dispersion from cough-
ing and breathing in a ventilated room. The study used Large Eddy
Simulation to model the carrier phase and DPM for the particles. The
model was used to evaluate ten different cases with three levels of
RH, ventilation rate, and ambient temperature. Another study by Zhu
et al. [28] investigated the infection through saliva droplets dispersed
by coughing. Lagrangian tracking of the droplets emitted from three
different subjects was simulated in different room-types, occupant pos-
tures, and location of the diffusers. They discovered that the droplets
with diameters less than 30 [μm] were dispersed in the air, and the
risk of inhaling was strongly influenced by the relative positioning of
the air-conditioning diffuser and the occupant. Another recent study
by Chen et al. [29] investigated the highest exposure risk of respiratory
infection when a healthy person was in proximity of an infected person.
They reported that the short-range airborne sub-route dominates the
close contact transmission and that smaller droplets are more prone to
follow the indoor air stream.

In addition to the droplet velocity and diameter distributions, an-
other crucial characteristic of a typical cough event is the formation of
turbulent buoyant clouds that result from it [21,30,31]. This localized
turbulent puff has implications in suppressing the local evaporation
rates from the sputum, which the coughing modeling methodology
should consider explicitly. A study by Li et al. [32] implements a
multi-component Eulerian-Lagrangian approach to model evaporation
and dispersion of the cough droplets in the quiescent environment.
Their study concluded that the heterogeneous humidity field strongly
affected the characteristics of droplet evaporation. Wei et al. [11]
numerically investigated the effect of turbulence fluctuations of the
cough jet on the dispersion of droplets. Turbulence fluctuations were
found to substantially impact the prediction of both the streamwise
and lateral spread of the particles for different size ranges. The study
also showed that aerosols and large particles were mildly affected by
the change in the ambient RH, whereas the medium-sized particles
(diameter of 30 [μm]) evaporated instantly.

While significant progress in mathematical and computational stud-
ies has been made to model the effects of cough dynamics on con-
taminant spread, there are still many open questions in the literature
that need to be addressed. These questions can be broadly categorized
into two themes, mainly (i) Validity of the model assumptions, and
(ii) Simulation scenarios. Regarding model assumptions, the majority
of the literature studies simplify the coughing dynamics by using aver-
age velocity and mono-dispersed particle sizing for coughing. Further,
the complex momentum and mass interactions between the turbulent
cough cloud and the surrounding air are often neglected. Regarding
the simulation scenarios, to the best of our knowledge, no study in
the literature has reported or shown how different combinations of
age, gender, postures, face mask usage, and ventilation could affect the
contamination range. This study aims to address these limitations by
developing a 3-D computational model that considers the turbulence
of the cough jet, intricate evaporation patterns, and detailed cough
dynamics. It also presents a wide range of scenarios involving different
age groups, gender, ventilation, and postures. Appropriate parame-

ters such as contamination range, PRP, and deposition fraction are
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mathematically defined, and the computational data from numerical
simulations are quantitatively and qualitatively analyzed using these
parameters.

This paper is structured as follows. Section 2 discusses the theoreti-
cal model development outlining the assumptions, governing equations,
and boundary conditions that form the basis of this study. Section 3
presents the details of the numerical solution and the validation results
with experimental results available in the literature. This is followed
by a detailed discussion on the parametric study results as shown in
Section 4, where the effects of age, gender, posture, and ventilation
conditions on the airborne particulate transmission when mask and no
mask cases are presented. Finally, relevant conclusions are drawn in
Section 5 to elucidate the effects of different parameters evaluated in
the results section on contaminant spread. Lastly, areas of study are laid
out for future work direction.

2. Model development

2.1. Problem statement

This study investigates coughing pattern inside an air-conditioned
room, as shown in Fig. 1 (a). The room is ventilated using displacement
ventilation with ceiling supply and return. The person is assumed to be
standing or sitting directly underneath the supply vent. A single cough
is modeled for all cases with an average coughing time set at 0.5 [s].
The particle size distributions (size and count of particles) coming out
of the mouth for each gender and age group are defined, based on
data available in literature [20]. Each particle is modeled so that it
consists of 93.5% water and 6.5% non-evaporative components [33].
As it is shown later, after an expiratory event, heavier particles start
moving towards the ground while smaller particles rise due to buoy-
ancy. Furthermore, particle coalescence and breakup produce a wide
range of particle sizes. After a single coughing event, the spread and
reach of particles are observed and measured for 30 [s]. The case of
male less than thirty (M < 30) is defined as a base-case. This scenario
is further modeled taking into account when a cloth mask is worn.
Additionally, the effect of air-conditioning stream on particle dispersion
is also investigated.

2.2. Governing equations

A Lagrangian–Eulerian coupled method is used in this study. The
Lagrangian method is implemented to track the path of each particle
in the cough cloud. In addition, the Eulerian approach is used to
simulate the coughing behavior inside an air conditioned room. The
two-way coupling aims to incorporate the effect of the airflow on the
cough particle dispersion and vice-versa. The mass and momentum
conservation equations are divided into two categories as follows.

— Continuous Phase (Eulerian):
Mass and momentum conservation equations used in the simula-

tions are obtained by ensemble averaging the instantaneous momentum
equation. With compressible flow conditions assumed, these equations
are represented in gradient form as:
𝜕𝜌
𝜕𝑡

+ (∇ ⋅ 𝜌𝐔) = 0 (1)

𝜕(𝜌𝐔)
𝜕𝑡

+ ∇ ⋅ (𝜌𝐔⊗ 𝐔) = −∇𝑝 + 𝜌𝐠 + 𝜇∇2𝐔 + 𝑆𝑐 (2)

where 𝑆𝑐 includes source terms to model body force and Lagrangian
coupling. In present study, Sc is the source term for coupling La-
grangian phase (droplets) with Eulerian phase (air), which is shown
in Eq. (8). For modeling turbulence within the domain, the realizable
k-𝜀 method is used [34]. This eddy viscosity model utilizes a two-layer
approach, which allows the k-𝜀 model to be applied in the viscous-
affected layer (including the viscous sub-layer and the buffer layer).
Furthermore, the k-𝜀 model has two additional transport equations for
3

Fig. 1. Illustration of the (a) computational domain of the indoor space with ceiling
ventilation (b) computational grid of the cross-sectional area in the Y–Z plane, and (c)
mask model on the mannequin’s face.

turbulence kinetic energy and energy dissipation rate. The k-𝜀 model
has a wide range of applications and has been employed in several
similar studies [28,35,36].

A coupled solution approach for energy is employed in this study.
The energy is represented as:
[

𝜕(𝜌ℎ)
𝜕𝑡

+ ∇ ⋅ (𝜌ℎ𝐔)
]

= ∇ ⋅ (𝑘∇𝑇 ) + 𝑆𝑡 (3)

where ℎ is the enthalpy of the fluid and 𝑆𝑡 is the source term from the
Lagrangian phase convective heat transfer applied in the continuous
phase energy equation.

— Discrete Phase (Lagrangian):
Discrete phase modeling is performed by tracking each particle of

a multi-component fluid. For each particle, the conservation equations
of momentum are applied as follows:

𝑚𝑝
𝑑𝐯𝑝
𝑑𝑡

= 𝐟𝑑 + 𝐟𝑝 + 𝐟𝑔 (4)

where 𝑚𝑝 and 𝐯𝑝 are the mass and velocity of the particle and 𝐟𝑑 , 𝐟𝑝,
and 𝐟𝑔 are drag, pressure and gravitational forces acting on the particle,
respectively.

Particles in turbulent flow are exposed to a randomly-fluctuating
velocity field corresponding to their inertia. To account for this be-
havior, turbulence dispersion force is simulated by a stochastic method
that incorporates the influence of instantaneous velocity variations on
the particles. The Eulerian phase turbulence model (k-epsilon) provides
the time scales and length of the turbulent eddies that are formed and
the fluctuating velocity field on the particles are then applied until
the eddy interaction time is surpassed. Hence, the instantaneous fluid
velocity using Reynolds Averaged Navier–Stokes equations is used to
estimate the slip-velocity and employed to Lagrangian phase models
using particle Reynolds number.



Building and Environment 206 (2021) 108280J. Muthusamy et al.

c
a

𝐶

c
L
r
t
m

𝑆

i
E

m
T
C
c
f
r
d
t
p
i

m
p
a
i
I
s
a
p
r
d
w
p
m
t
d
i

c
t

𝑚

w
i

a
p
v
t
t
f
f
m
b

2

s
[
a
[
t
n
p
[
i
p
s
M
i
2
f
f
(

r
m
n
t
t
g
c
f
0

t
T
m
l
a
F
v
p
t
g
a
m
s
u
i
d
T
T
C
v
o
S
c
o

The drag force, 𝐟𝑑 in Eq. (4), is modeled using the following equa-
tion:

𝐟𝑑 = 1
2
𝐶𝑑𝜌𝐴

(

𝐔 − 𝐯𝑝
)

(5)

where 𝐶𝑑 is the drag coefficient of the particle and 𝜌 is the density of the
continuous phase. 𝐶𝑑 based on the particle Reynolds number (Re𝑝) is
alculated using the Schiller–Naumann correlation [37], which is stated
s:

𝑑 =

⎧

⎪

⎨

⎪

⎩

24
Re𝑝

(

1 + 0.15Re0.687𝑝

)

, Re𝑝 ≤ 103

0.44, Re𝑝 > 103
(6)

Energy conservation equation for the discrete phase is stated as:

𝑚𝑝𝐶𝑝
𝑑𝑇𝑝
𝑑𝑡

= 𝑆𝑡 (7)

The effects of continuous phase on the discrete phase is also ac-
ounted for by enabling two-way coupling between Eulerian (air) and
agrangian (droplets) phases. For an unsteady coughing process, the
ate of momentum transfer from all particles in a cell, 𝑐, to the con-
inuous phase is modeled using a source term in the continuous phase
omentum equation, as follow:

𝑐 = − 1
𝛥𝑡

𝑛𝑝
[(

𝐟𝑑 + 𝐟𝑝
)

+ �̇�𝑝𝐯𝑝
]

𝛿𝑡𝑝 (8)

where 𝛥𝑡 is the time step size of the continuous phase, 𝑛𝑝 is the number
of particles in a cell of continuous phase while �̇�𝑝 is the mass transfer
rate to the particle. The convective source term in the energy equation
is given by 𝑆𝑡 = 𝑓ℏ𝐴𝑠(𝑇 −𝑇𝑝) where ℏ is the heat transfer coefficient, 𝐴𝑠
s the particle surface area and 𝑓 is the mass transfer correction from
l Wakil [38].

At the scale of cough particles, several phenomena take place si-
ultaneously, including droplet collision, breakup, and evaporation.
herefore, particle collision is simulated using the No Time Counter
ollision Model [39], which predicts the probability of two parti-
les colliding. Once the collision occurs, it is modeled based on the
ollowing outcomes; bounce, permanent coalescence, reflexive sepa-
ation, and stretching separation (grazing collision). The outcome is
etermined using Weber number and a collision regime map. Par-
icle breakup is accounted using Kelvin–Helmholtz Rayleigh–Taylor
article Breakup model [40]. This model uses shear and acceleration
nstabilities to simulate the droplet breakup.

Evaporation of the cough particles is taken into account from the
ass transfer of liquid species from the discrete to the continuous
hase. For this purpose, discrete and continuous phases are modeled
s multi-component fluid mixtures. The composition of cough droplet
s determined using the methodology introduced by Lui et al. [33].
t is assumed that the droplet consists of 93.5% evaporative, aqueous
olution and 6.5% non-evaporative components. The latter includes
ll mucous organic compounds and glycoproteins. A typical cough
article at ambient condition loses the evaporative component if the
elative humidity (RH) is lower than a threshold value of 67% [33],
epending upon the partial and saturation pressures. Specifically, the
ater evaporates resulting in the formation of a crust surrounding the
eriphery of the pre-existing droplet. This crust, composed of lipid
onolayers, prevents the remaining liquid from being evaporated. Thus

he diameter of the subsequent particle is assumed to be the nuclei
iameter. The volume fraction occupied by these insoluble components
s calculated to be 6.5%.

Particle evaporation is simulated using the quasi-steady multi-
omponent droplet evaporation model [41]. The evaporative mass
ransfer rate is computed by using the expression:

̇ 𝑝𝑖 = −𝜀𝑖𝑔∗𝐴𝑠 ln (1 + 𝐵) (9)

here 𝜀𝑖 is the fractional mass transfer rate of each component, 𝑔∗
4

s mass transfer conductance, 𝐴𝑠 is the surface area of the particle, c
nd 𝐵 is the Spalding mass transfer number. The definition of these
arameters depends on the mode of evaporation. In this study, the
apor diffusion limited evaporation mode is implemented to simulate
he particle evaporation [41]. Spalding number is also used, which is
he ratio of mass fraction of the liquid at the droplet surface to the mass
raction of the liquid in the free stream. Physically, it is the driving force
or mass transfer. The mass transfer conductance is a function of the
olecular diffusivity and the particle Sherwood number that is defined

ased on the Ranz–Marshall correlation [42].

.3. Computational domain and boundary conditions

The computational domain of an air-conditioned room is used in this
tudy, as depicted in Fig. 1 (a). The dimensions of the floor are 5 × 6
m], while the height of the room is 3 [m]. Two ceiling ventilation vents
re introduced to the domain with identical dimensions of 0.2 × 0.2
m]. The mannequin of the coughing person is placed directly beneath
he supply vent. The height of the person is chosen based on the
ominal heights of North American males and females. For standing
osture, the average male and female heights are 1.77 [m] and 1.62
m], respectively [43]. For sitting posture, on the contrary, the mouth
s positioned approximately 0.3 [m] (1 [ft]) lower than at the standing
osture. The opening of the mouth is modeled as a circle with a cross-
ectional area of 4.00 [cm2] for male and 3.37 [cm2] for female [19].
oreover, a cloth mask with an average pore size of 4 [μm] is modeled

n this study. Since the cloth masks do not perfectly fit a typical face, a
[mm] gap is assumed between the face and the mask [44]. The mask
ollows the contour of the face, with 2 [mm] offset from the human
ace surface, thus ensuring a uniform gap. This is illustrated in Fig. 1
c).

The computational domain, comprising of the mannequin and the
oom, was discretized using an unstructured-type, hexahedral, cut cell
esh elements. The mesh insensitivity study was undertaken and the
ode count of 288,420 cells was found to yield a good balance between
he computational speed and numerical accuracy. Additional informa-
ion on the grid independence study is provided in Appendix A. The
rid in the coughing cloud region as shown in Fig. 1 (b), was refined to
apture the dynamics of the turbulent jet accurately. The time step size
or both Eulerian and Lagrangian (discrete) phase analysis was kept at
.001 [s] with maximum sub-steps of 2000,000 for the particle phase.

The velocity profile shown in Fig. 2 is used as a boundary condition
o simulate the air coming out of the mouth during the coughing event.
he transient coughing velocity profile is generated using different
outh opening area and flow rates for males and females from the

iterature [19]. The velocity profile of the cough differs between males
nd females; however, the overall trend is the same, as illustrated in
ig. 2. Similarly, the particle diameters during a coughing instance
ary from 0.3 to 55 [μm] based on the gender and the age of the
erson [20]. To represent these factors, each gender is divided into
hree age groups [20]. The total number of particles expelled from each
ender and age group is shown in Table 1. The particle size distribution
nd the velocity trends are used as inlet boundary conditions set at the
outh. It is worth mentioning here that in all cases, the total time of a

ingle cough lasted 0.5 [s] [43]. The droplets of each size are contin-
ously released at every time-step for the duration of coughing event
.e. 0.5 [s]. The initial velocity of the droplets are same as the time
ependent velocity (Fig. 2) of the air coming out of the mouth [19].
he velocity of the airflow from the supply vent is set at 3.53 [m/s].
he selection of this velocity is based on the criteria of average Air
hange per Hour (ACH) of approximately 5. This value is the average
entilation rate for typical office buildings given by American Society
f Heating Refrigerating and Air-Conditioning Engineers (ASHRAE)
tandard 62.1 [45] and ASHRAE Standard 55 [46]. The boundary
onditions at the supply and return vents are inlet velocity and pressure
utlet, accordingly. The walls are assumed to be non-slip type boundary

ondition.
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Table 1
Discrete particle distribution for different age groups (male and female [20])
Particle diameter [μm] Age ≤ 30 30 < Age ≤ 50 Age > 50

Male Female Male Female Male Female

0.30 5.22 × 107 2.09 × 107 2.07 × 107 6.87 × 107 1.62 × 108 6.48 × 107

0.75 7.42 × 105 9.66 × 105 7.18 × 105 1.59 × 106 1.06 × 106 8.83 × 105

1.75 1.35 × 105 4.40 × 104 7.10 × 104 1.66 × 105 1.13 × 105 1.55 × 105

5.75 1.57 × 105 4.87 × 104 6.99 × 104 1.86 × 105 1.74 × 105 1.77 × 105

55.0 7.30 × 103 1.94 × 103 3.03 × 103 1.30 × 104 1.31 × 104 1.06 × 104
Fig. 2. Average coughing velocity profile for male and female. After Gupta et al. [19].

The supply inflow air temperature and humidity are set as 23 [◦C]
and 45%, respectively. The human body surface temperature is fixed
at 37 [◦C] in all the simulations while the human skin is assumed to
be an impermeable surface. The buoyancy effects in the vicinity of the
human body are considered negligible since the Richardson number
(Ri = Gr∕Re2) was computed to be less than 0.1 under all physical
conditions for this study. The temperature and humidity of exhaled air
are set as 35 [◦C] and 85% . In addition, the temperature and humidity
of the room are initialized at 23 [◦C] and 45%, respectively.

The effect of cloth masks on the spread of particles is also studied.
The cloth mask is modeled using an isotropic porous medium in the
domain [47]. The resistance offered by the mask to the flow of air
is modeled using Darcy–Forchheimer equation. This equation provides
the viscous and inertial permeability coefficients derived from the
velocity and pressure drop experimental data of the cloth mask [44,48].
The permeability coefficients resulting in the inertial (𝑃𝑖 = 6.35 × 106

[kg∕m4]) and viscous resistance (𝑃𝑣 = 2.04×106 [kg∕(m3 s)]) of the cloth
mask are calculated from the experimental values of pressure drop and
velocity from Saldaeva [48]. A Lagrangian filter is applied to the inlet
surface of the porous medium to filter out particles larger than 4 [μm].

In this study, fifteen cases are simulated in total as outlined in
Table 3. These include six standing cases for each gender and age
group, followed by six sitting cases. The age groups are divided into
three main categories: less than 30 years, from 30 to 50 years, and older
than 50 years. An additional case is simulated to determine the effect
of lack of air condition ventilation on the spread of particles, followed
by another case that examines the effect of wearing a cloth mask. The
last two cases are simulated for a male younger than 30 years old. The
typical computational time taken to solve one case is around 32 h with
the computational resources by using 96 CPUs at the high performance
computing cluster.
5

3. Numerical approach validation

Human cough is a perilous phenomenon and a primary pathway
for spreading respiratory and air-borne diseases, as the action propels
virus-bearing nuclei into the air from infectious to susceptible individu-
als. Human cough characterization is exceedingly complex, dependent
on factors ranging from ambient temperature and RH levels to position
and motion of the cougher to air turbulence, droplet size distribution,
and coughing velocities. Numerical verification and validation are even
more challenging due to the interaction of various underlying physi-
cal mechanisms and parameters such as turbulent dispersion, droplet
collision/breakup, droplet evaporation, non-evaporative components
such as DNA, lipid proteins and solid residues, particle–air interactions,
particle size distribution, buoyancy forces, and numerical limitations.
Furthermore, there are many uncertainties and discrepancies in the lit-
erature in terms of particle size distribution, coughing velocity profiles,
coughing angles, and many environmental factors. It is important to
know that the oversimplification of any of these parameters can lead
to inaccurate results and conclusions, which can have significant public
health effects if these are used to guide policy-making. Therefore, it is
crucial to verify and validate the numerical methodology and results
with experimental and analytical predictions for coughing dynamics.

The experimental and analytical model data from Bourouiba et al.
[21] has been used to validate Computational Fluid Dynamics (CFD)
results presented in this study. They conducted a combined experimen-
tal and theoretical investigation of the violent respiratory events such
as coughing and sneezing. They also observed that these events led to
the formation of multiphase turbulent buoyant clouds with suspended
droplets of various size distributions. In such simulations, a discrete
or continuous fall out model can be used to account for the behavior
of suspended droplets. In the discrete fallout model, the droplets are
assumed to remain suspended in the cloud until their Stokes settling
speed converges to that of the decelerating cloud which can lead to
inaccurate results. On the other hand, the continuous fallout model is
more accurate which based on sedimentation theory in turbulent flu-
ids [21]. The theoretical model developed using the continuous fallout
theory for the interaction between pathogen-bearing droplets and a
turbulent buoyant cloud in terms of droplet fallout, and contamination
range had already been verified and validated using experimental
results. Therefore, for the validation part of this study, the numerical
are based on all the operational conditions and physical models from
Bourouiba et al. [21] for validation purposes. The droplets are assumed
to be monodispersed in order to be consistent with the experiments and
the theoretical model, which did not account for evaporation effects.

The literature on coughing dynamics posits that the coughing cloud
advances from the source, while the puff almost retains the same
shape, and its lateral extent expands linearly with distance as illustrated
in Fig. 3. Moreover, the turbulent plume theory has been shown to
adequately predict critical features of the violent expiratory events seen
in coughing dynamics [21].

Fig. 3 shows the physical depiction of the progression of a cough
cloud emitted horizontally. Negatively buoyant droplets are dispersed
until they separate from the cloud at a horizontal distance (fall out
length) and fall off at a final reach (contamination range). The coughing
cloud, consisting of very small droplets (<10 [μm]), rises due to an
increase in buoyancy forces when the negatively buoyant particles fall.
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Fig. 3. Schematic of the coughing dynamics including the turbulent jet theory and
contamination range definition.

Table 2
Parameters used for numerical validation of cough dynamics [21].

Parameter Literature data

Coughing velocity [m/s] 11.2
Duration [ms] 300
Coughing angle [◦] 0.0
Mouth opening [cm2] 3.4
Human body surface temperature [◦C] 37
Ambient temperature [◦C] 23
Droplets and air temperature from mouth [◦C] 35
Ambient RH [%] 19
Mouth relative humidity [%] 85
Particle size range [μm] 30–700

It should also be noted that the clouds are initially momentum-driven
multiphase flow that transitions to buoyancy-driven mode once the net
coughing velocity vanishes. Therefore, the evolution of the trajectory
of the puff depends on both time-dependent momentum and buoyancy
forces as predicted in the theoretical equations. Bourouiba et al.’s [21]
combined experimental results and theoretical study have shown the
behavior of suspended particles within the turbulent clouds, and how
their ranges can be estimated. Coughing conditions such as initial
velocity, mouth opening area and angle, RH, particle sizes, and other
parameters from the literature were used to simulate the experimental
and theoretical model results [21] as shown in Table 2.

Simulations are performed using the CFD solver StarCCM (V 15.02)
considering the parameters shown in Table 2. The analytical predic-
tions of fallout length (the horizontal distance at which the particles
tend to separate from the cloud) and contamination range (horizontal
deposition distance from the cougher) are compared with CFD predic-
tions as shown in Fig. 4. The mass-weighted/particle count-weighted
average distance is used to estimate the contamination range due to the
scattered nature of droplet distribution on the ground. From Fig. 4, the
simulation results are used to estimate the fallout and contamination
ranges especially for smaller droplet sizes (<50 [μm]). For instance,
droplets with an approximate size of 100 [μm] would only reach less
than 1 [m] from the cougher, whereas droplets less than 30 [μm] could
reach about 2.4 [m]. Furthermore, ejection of large particles (greater
than 300 [μm]) could extend the contamination range significantly,
which is consistent with the predictions by Bourouiba et al. [21].
Fig. 5 shows the trajectories of two multiphase buoyant clouds for the
6

Table 3
List of all the simulation cases evaluated in this study. M and F represent Male and
Female, whereas w/o stands for without.

Case No. Posture Gender Age-group Ventilation Mask

1 Standing M <30 AC w/o Mask
2 Standing M 30–50 AC w/o Mask
3 Standing M >50 AC w/o Mask
4 Standing F <30 AC w/o Mask
5 Standing F 30–50 AC w/o Mask
6 Standing F >50 AC w/o Mask
7 Sitting M <30 AC w/o Mask
8 Sitting M 30–50 AC w/o Mask
9 Sitting M >50 AC w/o Mask
10 Sitting F <30 AC w/o Mask
11 Sitting F 30–50 AC w/o Mask
12 Sitting F >50 AC w/o Mask
13 Standing M <30 No AC w/o Mask
14 Standing M <30 No AC with Mask
15 Standing M <30 AC with Mask

Fig. 4. Fall out distance (black color) and contamination range (red color) as predicted
by this study (dashed) compared to the theoretical study by Bourouiba et al. [21]
(solid).

monodispersed particle sizes of 700 [μm] and 30 [μm], as predicted by
the theoretical models [21] and CFD simulations. It can be noted that
the height reached by the 30 [μm] droplets is much higher (4 to 6 [m])
compared to the 700 [μm] droplets. This is due to the greater tendency
to stay afloat because of the relatively higher buoyancy forces acting
on them. From Figs. 4 and 5, it can be observed that the results are in
good agreement for both parameters, which is crucial in estimating the
contamination range accurately for a coughing event.

4. Results and discussion

The Results and Discussion section is divided into two parts. The
first part shows qualitative results for cough dynamics. The second part
shows quantitative results obtained through numerical simulations.
In both parts, numerical simulations were used to obtained accurate
results.

4.1. Qualitative cough dynamics

Fig. 6 shows the evolution of cough particles and spread of the
particles for 30 [s] after the cough initiation in an air-conditioned room.
The movement of cough particles is shown at six different instances
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Fig. 5. Vertical fall out as predicted by this study compared to the theoretical study
by Bourouiba et al. [21] for the diameter sizes of 30 [μm] and 700 [μm].

during this period. Fig. 6(a) shows the initial reach of the particles
at 1 [s] immediately after the cough. The momentum of the cough
carries the particles forward, up to distances greater than 2 [m]. As
time progresses, the cloud loses momentum and is dominated by the
external influence of air current in the room in addition to buoyancy
forces acting on the particles, as seen in Fig. 6(b). Heavier particles start
to fall while lighter, smaller particles start rising. A clear separation
of large and small particles then becomes more visible in Fig. 6(c) at
10 [s]. At 15 [s], most of the larger particles have deposited on the
ground, as seen in Fig. 6(d). Smaller particles are pushed towards the
outlet vent of the room by the air conditioning system. As Figs. 6(b),
6(e), and 6(f) show, a large cluster of smaller particles can be seen close
to the outlet. In Figs. 6(e) and 6(f) few larger particles are formed by
coalescence of smaller particles that can be observed close to the outlet
vent. At around 30 [s], aerosol particles of diameters less than 5 [μm]
are detected, which stay afloat inside the room for a longer time period
before they fall off or are removed by the exhaust ventilation systems.
For additional information on the effect of flow field on the particle
dispersion and vice versa, the reader is referred to the Appendix B.

The evolution of cough of a male sitting in an air-conditioned room
is shown in Fig. 7. Particle dispersion immediately after the cough
in sitting position is similar to the standing position, as shown in
Fig. 7(a). After the elapse of 30 [s], lighter particles are clustered
around the outlet vent and heavier particles fall to the ground, as shown
in Fig. 7(b). In the sitting case, there is lesser influence of the inlet duct
velocity on the cough cloud. This is because the relative distance of the
mouth from the inlet duct is higher as compared to the standing case.
As a consequence, the cough cloud is less perturbed by the AC system,
which results in more dispersion in different directions, as shown in
Fig. 8.

Spread of cough particles can be compared in a room with and
without air conditioning (AC) ventilation system. Figs. 8(a) and 8(b)
show the top view of the spread with and without AC, respectively.
As discussed previously, smaller particles gradually move towards the
outlet vent, while larger particles fall to the ground. For this particular
configuration of the cougher, the presence of the AC system affects the
lateral cough spread. Flow from the inlet vent, right above the coughing
person, strikes the particle cloud, forcing them to spread and deposit
in lateral directions of the cloud. This can be seen in Fig. 8(a), with
particle spreading to the left and the right of the coughing person.
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With no AC inlet vent velocity, the cough particles are affected mainly
by gravity and buoyancy forces. Since there is no external flow acting
upon them, the spread occurs mostly in the streamwise direction of the
cougher, as shown in Fig. 8(b). In addition, we investigated the effect
of AC exit position on the spread of aerosolized particles in the room by
doubling the distance from the coughing person to the AC exit (8 [m]).
Under the given room arrangement as shown in the Appendix C, we
observed negligible effect of the positioning of AC exit on the overall
contamination range.

Efficacy of a face mask in a room without AC is also investigated.
For this setup, Figs. 9(a) and 9(c) show the spread of cough particles
in a room without a mask. Most of the spread is in the direction of the
cough, and a significant number of particles remain in the proximity
of the coughing person. Spread of cough particles in a similar room
with a cloth mask is shown in Figs. 9(b) and 9(d). After 30 [s] of the
initiation of cough, it can be seen that spread in the direction of the
cough is significantly reduced, with most of the particles not going
beyond 2 [m]. Moreover, most particles remain close to the coughing
person while most of the smaller particles move to the top of the
room. This result is in agreement with the World Health Organization
guidelines of maintaining 1 [m] social distancing indoors when masks
are worn [49]. However, a prolonged exposure within this 2 [m]
distance may lead to the transmission of COVID-19 carrying particles
due to the formation and stagnation of aerosolized coughing cloud.
In a nutshell, wearing masks is essential in minimizing the risk of
transmission within confined spaces.

4.2. Quantitative coughing dynamics

The following subsections include quantitative results obtained
through numerical simulations. As the results show, use of masks and
the position of the cougher affect the dispersion characteristics of a
coughing cloud.

4.2.1. Average contamination range and maximum-reach
In order to inform public policy on social distancing guidelines, it

is important to measure the dispersion of coughing particles. This is
quantified using the average contamination range and maximum-reach
of the droplets. The weighted average contamination range is defined
as follows:

𝐶𝑅 =
∑𝑛

𝑖=0 𝑥𝑖𝑑𝑖
∑𝑛

𝑖=0 𝑥𝑖
(10)

where 𝑥𝑖 is the particle mass or particle count and 𝑑𝑖 is the distance
traveled by the particle in the streamwise direction from the mouth.

During the transportation period, droplet could collide, resulting in
coalescence, or bounce off. They could also break up due to high slip
velocity or acceleration of the particles. Furthermore, droplet evapora-
tion could occur as well, based on the Sherwood number of the droplet.
All of the afore-mentioned effects were included in the simulation
setup. While all three phenomena were observed in the results, particle
coalescence was the most evident. Droplets that came out of the mouth
ranged in size between 0.3 [μm] and 55 [μm], while at the end of 30
[s] period, droplets with diameters up to 220 [μm] were observed. We
hypothesize that the particle mass-weighted CR is influenced by the
large size (higher mass) particles, whereas the particle count-weighted
CR is impacted by the smallest size particles, as they are higher in
numbers. Hence, the CR is calculated using both particle mass and
particle count weighted average to understand its sensitivity to both
these metrics. The maximum-reach of the particles is the furthest dis-
tance a droplet deposited in the direction of the cough from the origin
(mouth). Another measure of quantifying the contamination spread is
by estimating the percentage of the particles within a certain distance
from the coughing person. Therefore, two thresholds of 2 [m] and 3
[m] have been used to estimate the percentage of particles deposited
on the ground within the prescribed distance.
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Fig. 6. Evolution of a cough cloud in standing condition at (a) 1 [s], (b) 5 [s], (c) 10 [s], (d) 15 [s], (e) 20 [s], 30 [s] after the cough for the case of M < 30.
Fig. 7. Evolution of cough in sitting condition at (a) 1 [s] and (b) 30 [s] of M < 30 in an air-conditioned room.
Fig. 8. The spread of cough particles for standing position in (a) an air-conditioned room vs (b) a room without an air-conditioning system at 30 [s].
Contamination range and the maximum-reach of cough particles
under the AC condition for different age groups of males in sitting and
standing positions are shown in Fig. 10. Contamination by a single
cough is shown in the sitting and standing positions for each age
group (Fig. 10). It can be noted that both types of contamination range
calculations produce similar values for sitting and standing positions.
8

Among males, the contamination range does not vary significantly with
age and position.

Maximum-reach of cough particles in the standing position for age
group M > 50 is highest, followed by M < 30 and then M 30–50. This
trend can be attributed to a similar pattern in the number of particles
emitted by each age group during a single cough. In the sitting position,
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Fig. 9. The efficacy of cloth mask on the spread of cough particles without the AC condition at 30 [s]. (a) side view and (c) top view are cases without the face mask, whereas
(b) side view and (d) top view are cases with the face mask.
Fig. 10. Comparison of maximum-reach and contamination range of cough particles for males of different age groups in standing and sitting position with AC condition. Here,
the mass-weighted average contamination range, particle-weighted average contamination range, and maximum-reach metrics are compared for different cases.
it can be observed that the particles reach greater streamwise distances.
This can be due to the lesser effect of AC duct inlet velocity as the sitting
position is at a lower elevation from the duct than in the standing cases.
Fig. 10 shows that about 25 to 30% of the particles are deposited within
the 2 [m] threshold, whereas almost 99.9% particles are deposited
within 3 [m]. Only a few number of particles reach beyond the 3 [m]
distance.

The contamination range and maximum-reach values for females
are shown in Fig. 11. Compared to males in similar age groups, females
have a lower contamination range and maximum-reach. This can be
attributed to the lower cough velocities of females compared to males.
Particle count-weighted contamination range values are slightly lower
than particle mass values, as seen among males.
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Among females, the contamination range is quite similar in the
standing position regardless of age. Maximum-reach values follow the
trend of the number of particles emitted by the group during a cough
event. Similar behavior is observed in male coughers as well. The
contamination range values for females in the sitting position are
slightly higher than in the standing position, as seen in males. In the
sitting position, it is evident that the supply duct flow loses some of
its momentum by the time it reaches the cough cloud, and as a result,
it has a reduced effect on the cough particles, allowing them to spread
more. This effect also occurs in male coughers but is not as pronounced
due to their relatively high coughing velocity as compared to females.

Maximum-reach of the cough particles can be seen as slightly higher
in the sitting position, for all age groups, as compared to the standing
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Fig. 11. Comparison of maximum-reach and contamination range of cough particles for females of different age groups in standing and sitting position with AC condition. Here,
the mass-weighted average contamination range, particle-weighted average contamination range, and maximum-reach metrics are compared for different cases.
position, similar to males. However, Fig. 11 shows that about 33 to
42% of the particles are deposited within the 2 [m] threshold, whereas
almost 99.9% particles are deposited within 3 [m]. A higher percentage
of particles are deposited for female age groups within the 2 [m]
threshold than the different male age groups due to lower coughing
velocity among females.

To study the efficacy of the cloth mask, and the effect of AC
ventilation on the spread of cough particles, a representative case of
M < 30 in the standing position was simulated with the conditions; (i)
No AC, without mask, (ii) No AC, with mask, (iii) AC, without mask,
and (iv) AC, with mask.

Maximum-reach and contamination range of these four cases are
compared in Fig. 12. The No AC, without mask shows the cough
simulation results with AC off, i.e., no influence of inlet vent veloc-
ity. Comparing this case to the AC, without mask, the contamination
range remains approximately the same; however, the maximum-reach
is lower once the AC ventilation is turned off. This is expected, as
turning off the AC airflow would allow buoyancy forces on the particles
to have a predominant role, moving lighter particles upwards, almost
vertically, resulting in lower particle spread. The No AC, with mask
case in Fig. 12 shows the condition, which includes a mask with the AC
ventilation turned off. This case shows minimum values for maximum-
reach and contamination range. The average contamination range is
close to 0.5 [m], which is in line with the Center for Disease Control
and Prevention [2] and World Health Organization [49] guidelines,
and the maximum-reach of the particles is just over 2 [m]. This shows
the efficacy of wearing cloth mask in limiting the spread of particles
assuming no external flow sources. The AC, without mask case has
the highest contamination range and maximum-reach, making it the
worst-case scenario among the cases shown in Fig. 12. Finally, AC,
with mask case in Fig. 12 shows the coughing results in a room
with the AC ventilation on, while the coughing person is wearing a
mask. Compared to the case with AC ventilation being turned off, the
maximum-reach and the contamination range of the particle increases.
The inlet duct velocity continues to cause flow disturbance in the cough
cloud, spreading the particles further away. The maximum-reach of
particles is about 3.8 [m], which is almost four times the reach of the
particles without AC ventilation while wearing a cloth mask. Another
way of looking at the efficacy of wearing masks is by comparing the
number of particles deposited up to 2 [m] and 3 [m] thresholds.
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Almost 99.6% of the particles are deposited within a 2 [m] distance
from the coughing person in this case (AC, with mask). In contrast,
only about 25% of the particles are deposited within a 2 [m] distance
without wearing the mask. Similar behavior can be observed for the
cases without AC ventilation as well. From these results, it can be
stated that the 2 [m] social distancing guidelines are applicable only
when masks are worn. Even though when wearing masks, external
flow sources, such as intake/exhaust air streams and other ventilation
system features, may result in a small percentage (<0.5%) of particles
reaching distances beyond 2 [m].

4.2.2. Particle reach probability (PRP)
After a violent expiratory event such as coughing, different size

of particles are emitted into the surrounding environment. Depending
on their size, velocity, and mass and momentum interaction with the
surrounding flow field, they are dispersed in the medium differently;
with larger particles mostly being deposited on the ground within a
short distance. To formally quantify this behavior, the concept of PRP
is introduced. For a particle of a given diameter, 𝑑𝑖, in the cough, the
PRP can be defined as the likelihood of the particle being dispersed in
the free-stream medium at a certain streamwise distance, 𝑥 and time 𝑡.
Mathematically this can be expressed as follows:

PRP𝑖(𝑥, 𝑡) = 1 −
𝑁𝑖(𝑥, 𝑡)
𝑁𝑡

(11)

where PRP𝑖(𝑥, 𝑡) is the particle reach probability of the diameter 𝑑𝑖,
𝑁𝑖(𝑥, 𝑡) are cumulative number of particles deposited at 𝑥 and 𝑁𝑡
is the total number of particles. Note that the PRP is a function of
relative magnitudes of 𝑁𝑖 and 𝑁𝑡 for a droplet of a particular diameter
size instead of their absolute values. This implies that the PRP does
not measure the quantity of particles reaching a certain streamwise
distance.

Using Eq. (11), different scenarios involving age groups, gender,
posture, air conditioning ventilation, and mask are evaluated as part
of this study. From Eq. (11), it is evident that at high PRP values,
most particles are still dispersed in the air whereas a PRP value of zero
corresponds to a complete deposition of particles.

Fig. 13 illustrates the quantitative comparison of PRP for different
age groups and postures in females. For statistical analysis purposes,
the particle diameters are divided into 20 bin sizes. The PRP for all the
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Fig. 12. Comparison of maximum-reach and contamination range of cough particles for M < 30, in standing position, coughing in a room with and without AC with and without
mask. Here, the mass-weighted average contamination range, particle-weighted average contamination range, and maximum-reach metrics are compared for different cases.
size distribution was calculated, however for the sake of brevity, only
three categories of key importance are presented here. The category D1,
in the legend of the PRP plots, represents aerosol particles (Diameter
[<5μm]). D2 covers a more intermediate range of sizes between 110–
120 [μm], whereas D3 represents the largest size in the cough diameter
distribution with the particle frequency of a minimum of 5000. The
frequency threshold of 5000 for the largest diameter size is put in place
to exclude the large particle sizes with low count. From the general
trend seen in Fig. 13, it is observed that for the given streamwise
distance, the PRP decreases with diameter. This implies that heavier
particles tend to fall to the ground closer to the coughing subject
while the lighter particles tend to stay afloat. In particular, the particle
diameter in the aerosol range shows a strong tendency to stay in the air
even at distances 4 [m] from the subject. Despite a slight variance for
sitting versus the standing case, this tendency is consistently high for
all age groups and cases (PRP > 0.9). On the other extreme, the largest
particles in the diameter distribution fall to the ground at a distance of
less than 2 [m] for all age groups, sizes, and postures. Small variations,
however, are observed between the deposition length for sitting versus
standing cases. Droplets in the sitting case can be observed to be
deposited at a distance slightly farther than in the standing cases. This
can be attributed to the fact that the flow field from the air-conditioner
affects the heavier particles more due to its proximity in the standing
position. Hence, heavier particles in that position fall to the ground at
a shorter streamwise distance, 𝑥. This assertion is also supported by
the PRP plot of the intermediate diameter sizes, where a significant
distance is observed in the streamwise direction at which the PRP
reaches a value of zero.

The PRP distribution for different postures and age groups for
the male at 30 [s] is shown in Fig. 14. Although the general trend
for the PRP variations with different diameters remains the same as
compared with the female case shown in Fig. 13, there no significant
difference in the particle deposition distance for the heaviest particles
in the distribution. However, in general, the PRP is observed to be
slightly higher for the male cases. This can be attributed to the higher
peak coughing velocities for males as compared to females. For the
male case, slight differences were observed between the postures with
the trend similar to that discussed for the female case; however, no
significant disparity was observed in the PRP for different age groups.
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Figs. 13 and 14 depict no significant differences in the PRP of
aerosols for different postures, age groups, and gender. Since aerosols
(particle sizes < 10 [μm]) are the critical transmission carriers for
airborne contamination, it is essential to pay close attention towards
scenarios that would reduce the airborne transmission. Fig. 15 shows
the PRP plots at 30 [s] for four different scenarios including cases with
and without masks and with and without air conditioning ventilation.
These cases are simulated using the coughing velocity and diameter
distribution of M < 30 scenario.

Several observations can be made by comparing Figs. 15 (a) and
15 (b), which illustrate the effect of ventilation on PRP in the ab-
sence of mask. For instance, the particle deposition distance increases
almost 300% for the D3 category in the case without ventilation.
Furthermore, a significant increase is observed in PRP for aerosols and
intermediate-sized particles for the case without ventilation too, thus
clearly depicting the increased risk of airborne transmission when no
ventilation is available.

Figs. 15 (c) and 15 (d) shows the effects of wearing a cloth mask.
It is pertinent to mention here that PRP quantifies the probability of
a cough particle with the size 𝑑𝑖 reaching the streamwise distance 𝑥
regardless of the quantity of 𝑑𝑖 at the same distance, 𝑥. The results
clearly show that the effectiveness of wearing a cloth mask coupled
with the AC ventilation can result in a significant reduction in the
PRP for all diameter sizes, including aerosols. Consequently, this sig-
nificantly reduces the risk of inhaling infectious particles at any given
streamwise distance, 𝑥, from the transmitter. Out of all the four cases
evaluated, the efficacy of masks combined with AC ventilation is the
highest in terms of the PRP.

5. Conclusions

In this study, the complex phenomena of coughing dynamics were
successfully simulated, by accounting for turbulent buoyant cloud for-
mation and propagation, particle size distribution, particle–fluid inter-
action, particle coalescence/breakup, multi-component droplet evapo-
ration, and relative humidity. Numerical results presented in this study
were validated using the experimental data and analytical models from
the literature. The validated methodology was then used to conduct a
parametric study for three age groups of males and females in sitting

and standing positions. The use of cloth mask has also been included
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Fig. 13. Particle reach probability for different age groups and postures (females). (a) 30: Sitting, (b) 30: Standing, (c) 30–50: Sitting, (d) 30–50: Standing, (e) 50+: Sitting, and
(f) 50+: Standing. D1, D2 and D3 refer to small (<5 [μm]), intermediate (110–120 [μm]), and large (>200 [μm]) particle sizes.
in the study with and without the effects of external flow. Based on the
results from the study, the following conclusions can be drawn.

1. Among various age groups within each gender, there was not
a significant difference in the contamination range. However,
maximum-reach values for both males and females follow the
trend of the number of particles emitted by each group. Com-
pared to males in similar age groups; overall, females have a
slightly lower contamination range and maximum-reach due to
lower cough velocities and particle counts. Under the given room
arrangement, sitting positions have a longer maximum-reach of
cough particles as compared to the standing position for all
age groups of males and females. This signifies that while the
effect of gender on contaminant spread is marginal, the postures
have a direct effect on disease transmission in confined spaces
considerably.

2. The effect of air conditioning ventilation on the particle spread
have been investigated in this study. In the absence of external
flow, the particle spreads mainly in the streamwise direction.
However, under the current air conditioning ventilation arrange-
ment, an increased contaminant spread in the lateral direction
was observed. This highlights the importance of the relative
positioning of the cougher and the position of supply duct at
the ceiling. On the contrary, the positioning of the AC exit had
negligible effect on the contamination range.

3. Wearing a cloth mask reduces the average contamination range
by approximately two-third of the distance compared to the
no-mask case. Only less than 1% of particles in mask cases
reached distances beyond 2 [m], as opposed to more than 70%
of particles in the no-mask cases. However, the results showed
that the aerosolized particles could reach further distances and
stay suspended for longer periods of time (>30 [s]).
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4. The PRP profiles for various cases illustrated that wearing a
mask in combination with using AV ventilation can significantly
reduce the particle concentration profile both for aerosols and
larger droplets (>200 [μm]).

The observations highlighted above enhance our understanding of
social distancing guidelines and mask efficacy in closed spaces. This
work, however, can be further extended to include the effects of contin-
uous breathing, which involves the conditions for asymptomatic spread
of the viral particles. Different ventilation and air change rates could
also be considered to highlight the impact of adequate ventilation on
the control and mitigation of contaminant spread. Another important
area of research is to study the efficacy of different types of masks in
curbing aerosol transmission.
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Fig. 14. Particle reach probability for different age groups and postures (males). (a) 30: Sitting, (b) 30: Standing, (c) 30–50: Sitting, (d) 30–50: Standing, (e) 50+: Sitting, and (f)
50+: Standing. D1, D2 and D3 refer to small (<5 [μm]), intermediate (110–120 [μm]), and large (>200 [μm]) particle sizes.
Fig. 15. Particle reach probability for M < 30 case. (a) Ventilation without mask, (b) No ventilation without mask, (c) Ventilation with mask, and (d) No ventilation with mask.
D1, D2 and D3 refer to small (<5 [μm]), intermediate (110–120 [μm]), and large (>200 [μm]) particle sizes.
Appendix A. Mesh insensitivity study

Grid insensitivity study was performed to ensure the numerical
results are independent of the mesh size. The center line velocity of
the coughing field was selected for conducting the grid-independence
13
check. The center line velocity across the section is measured from the
mouth through the end of room in the streamwise direction at 30 [s]
as shown in Fig. A.16. The overall computational domain, comprising
of the mannequin and the room, was meshed using an unstructured-
hexahedral, cut cell mesh. The grid in the coughing cloud region
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Fig. A.16. Section view of computational grid and the centerline velocity measurement probes for mesh insensitivity study.
Fig. A.17. Comparison of centerline velocity predictions obtained from coarse, fine, and finer mesh sizes.
Table A.4
Different mesh sizes (coarse, fine, and finer) used for mesh insensitivity study.

Mesh Number of elements

Coarse 143,821
Fine 288,420
Finer 577,547

as shown in Fig. A.16, was refined to capture the dynamics of the
turbulent jet accurately. Three mesh sizes (coarse, fine, and finer) as
shown in Table A.4 were used to compare the velocity predictions along
the center line as shown Fig. A.17. It was found that the fine mesh size
of 288,420 cells was a reasonable choice considering a good balance
between the computational time and numerical accuracy and the same
grid-sizing approach was considered for all other simulations.

Appendix B. The flow field results

Since the flow field in an AC room has a significant impact on the
particle dispersion and contamination range, the line integral convolu-
tion type velocity vector field at the center section and particle map
is included here. Fig. B.18 shows the effect of velocity field on the
evolution of cough particles spread for up to 30 [s] after the cough
initiation in an air-conditioned room. Fig. B.18(a) shows the effect
of AC on initial reach of the particles at 1 [s] immediately after the
cough. At 1 [s], the momentum of the cough is more dominant than
the AC velocity and hence carries the particles forward, up to distances
greater than 2 [m]. As time progresses, the cloud loses momentum
14
and is dominated by the external influence of air current in the room
in addition to buoyancy forces acting on the particles, as seen in
Fig. B.18(b) through (f). Based on the trade-off between local velocity
magnitudes and buoyancy forces, heavier particles start to fall while
lighter, smaller particles start rising. It can be observed that the particle
dispersion is influenced by local continuous velocity field and vice
versa.

Appendix C. The effect of AC exit position

In order to study the influence of AC exit position on the contamina-
tion range, an additional simulation was run by doubling the distance
from the coughing person to the AC exit (8 m). This study can also
be used to understand the influence of the AC supply velocity alone.
The results for the AC exit position of 4 m from the cougher is shown
in Fig. 8(a) in the manuscript. The comparison of results for both 4 m
and 8 m AC exit position cases are shown in Fig. C.19(a) and (b). In
addition, the mass-weighted average contamination range and particle-
weighted average contamination range are also post-processed for both
cases and shown in Table C.5.

It can be observed that the line-along distribution near the AC exit
in the 4 [m] case is not present in the 8 [m] case. However, from
Fig. C.19 and Table C.5 above, the AC exit positions (4 [m] and 8
[m] from the cougher) have a negligible influence on the average
contamination range under the given room arrangement. In summary,
this study helped to understand the influence of AC exit position on
contamination range.
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Fig. B.18. Evolution of velocity vector field and particle dispersion map at the center section.
Fig. C.19. The spread of cough particles for standing position in an air-conditioned room for (a) AC position of 4 [m] and (b) 8 [m] from the coughing person at 30 [s].
Table C.5
Mass-weighted and particle-weighted average contamination range for 4 [m] and 8 [m]
AC positions from the cougher.

AC Exit position Mass-weighted average
contamination range [m]

Particle-weighted average
contamination range [m]

4 [m] from cougher 1.71 1.71
8 [m] from cougher 1.70 1.76
15
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